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I .Introduction
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Chiral symmetry breaking in QCD (Nt+=2, mug=0)

W SU(Z)L X SU(Q)BX U( Jv x U(1)a "

SSB Anomaly

> SU(Z)V X U(l)v Remains

SU(Q)V ’SU(Q)L X SU(Q)R Restored
U(l)p — 22

Susceptibilities, Dirac Spectrum
Cossu’s talk This Talk
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Dirac Spectrum and Symmetry

/ SU(Q)L XSU(Q)R ~
Banks-Casher Relation
)
p(0)| = —
-
~ U(l)A N
Atiyah-Singer Index Theorem
TL_|_ — N_ =T

n+ - # of chiral zero-modes

Dirac low modes are important
for both symmetries
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Dirac Spectrum and Symmetry

Aoki-Fukaya-Taniguchi (2012) argued that, if we assume
- SUR2) x SU@) isrestored (1" > 1. )
- Ginsparg-Wilson relation is satisfied

- Analyticity in mass

* Spectrum starts from cubic power™ atieast

A
)\)
U(1)a anomaly is invisible (Vol — oo)
in the (pseudo) scaler correlators \7ud — 0

"G.Cossu et al (JLQCD 2013) reported a gap in the Dirac spectrum

X
/,A
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Cohen(1996) argued that:

It the chiral zero-mode's effect is ignored,
and if there is a gap in the Dirac spectrum

-> U(1)a breaking susceptibility
— Xm — X6

:/Ood)\ 7N _
0 (m2_|_)\2)2




(Controversial) Previous lattice studies
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Group Action Vol. Gap U(T)a
JLQCD(2013) Fixegvfgsgogy =16 Yes Restored
C?zigfé)al Dcc))i);][;rin:vev:” L=16 pNYi?? 1 | Restorea
Tl HISQ | =32 No | Violated
oors | Domanwal | L=16,32| No | Violated

Finite V effects ?
What makes the difference: Fixed topology ?

Chiral symmetry ?
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This Work

Finite volume — Larger volume

Fixed Topology — Tunneling Allowed

Chiral symmetry — OV/DW reweighting



Whats’ New in This work?

G.Cossu et al
(2013)
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This Work

Fermion

GW-rel.
Cost

Lat. Size

Topology
tunneling

Comment

Overlap

Exact

&)

16

Frozen

Mobius Domain-wall

Mres~1MeV or lower

O

16, 32

Allowed

We also try
reweighting to OV
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Contents

1. Introduction

2. Mobius DW

3. Domain-wall Dirac spectrum
4. Violation of Ginsparg-Wilson relation
5. (Reweighted) overlap Dirac spectrum

0. Summary
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Z2.Mobius DW



Mobius Domain Wall
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Edwards-Heller (2000)

1+m 1-—m
Overlap: Dy(m) = —5— + ——ssgn(llx).
(Satisfy Ginsparg-Wilson relation)
Domain Wall Mobius DW
4-dim eff. 1 l—m T L —1 _ Lsp-1_ 1
D4 _ +m mv5 = D4 — 1—|——m n 1 m75““8L s
operator 2 2 ATl 2 2 STt
, 1+ Hyp Dw 1 _ 1t wsHuy bDw
1 — = T — . =
T 1_HT HT ’752_|_DW S 1_WSHM HM 752—|—CDW’
New parameter b, c
Parameter
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Lattice set up

Gauge action:tree level Symanzik
Fermion :Mobius DW(b=2, c=1, Scaled Shamir + Tanh)
w/ Stout smearing(3)
code :rolro++(G. Cossu et al))
Resource :BG/Q(KEK)
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L? x Lyl B |myg(MeV)|Lg|mpes(MeV) | Temp.(MeV) Note

163 x 814.07 30 12 2.5 180 488 Conf. every 50 Trj.
163 x 8(4.07| 3.0 |24 1.4 180 319 Conf. every 20 Trj.
162 x 814.10 32 12 1.2 200 480 Conf. every 50 Trj.
162 x 814.10 3.2 24 0.8 200 538 Conf. every 50 Trj.
323 x 84.10 32 12 1.7 200 175 Conf. every 20 Trj.
323 x 84.10 16 24 1.7 200 294 Conf. every 20 Trj.
323 x 84.10 3.2 24 - 200 88 Conf. every 10 Trj.

13



Akio Tomiya(Osaka Univ.)

Topological charge changes along HMC

1.5

0.5

-0.5

L =16, 3=4.10, m = 0.01, Ly = 12

|
Index of DW
Wilson flow cooling
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Tc Estimation

Polyakov & Chiral condensate
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0.025F
: P 4
vl ¢  Ls=24m=0.01
- e Ls=24 m=0.001
~ —e—  Ls=12m=0.01
0.0151 =32 m=0.01

/_Chiral Condensate

<

| X Ls12 * Polyakov loop
| . _
0.01¢ %0.01=m
5x107° #5x10°=mM ]
O 3310'3=m |
3.9 3.95 4 4.05 4.1 4,15 4.2
O & B A & 0R0+

JICFuS

TAbove Tc(T=200MeV)

Around Tc(T=180MeV)

Vol. dependence of Polyakov loop

Decreasing of Chiral condensate
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3.Domain-wall Dirac
spectrum



Observable

Histogram of Dirac operator
m

Hm — /75[(1 — mud)D4 1 mud]

D* = [P~ (D (m

17

1))~ Dyw (mua) Pl



3.Histogram for DW(T~ Tc) Akio Tomiya(Osaka Univ.)

T=180MeV~Tc(L=10)

p(A)

0.0015
0.001
0.0005

p(ka)a3

O |

p(N)

0.0015
0.001
0.0005

p(7\a)a3

Mud=30MeV
Mres=2.5MeV
0 0.05 )\
AMal - m 4a
: I Mud=3.0MeV
- Mres=1.4MeV
‘ A
0 0.05
IAMal - m 4a

Gap? Finite V effect?
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3.Histogram for DW(above Tc) Akio Tomiya(Osaka Univ.

T=200MeV>Tc (L=16)

p(N)

0.0015

0.001

0.0005
O |

Mud=32MeV
Mres=1.2MeV

A

o
©
(qv)
<
>N

0 0.05

p(A)
0.0015 F |
0.001 |
0.0005 |-

0 |

Mud=3.2MeV
Mres=0.8MeV

p(7\a)a3

m
IM"al - m 42

Gap? Finite V effect?
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3.Histogram for DW(above Tc) Akio Tomiya(Osaka Univ.

T=200MeV>Tc (L=32)

Mud=32MeV
Mres=1.7/MeV

o
<
(qv)
<
(oN

Mud=3.2MeV

AMal - m 4a
Very small but non-zero =>Gap is not apparent
U(1) looks broken

20



Akio Tomiya(Osaka U

3.Histogram for DW

Short summary
L=32, T=200 MeV my4=3.2MeV No clear Gap

U(1)a looks broken

Consistent with LLNL/RBC(2013).
Then, What is the difference from
OoV(JLQCD)?

Finite V7

21
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4 \/1olation of
Ginsparg-Wilson relation

22
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Violation of Ginsparg-Wilson relation
for each mode

o lvs[Dys + 5D — 2Dy D)y [ (1 — mya)?”
i = I 201 + mug)

gi should be zero if GW is satisfied

)\:n(l—l—mud) |
i (I—maq)2(N)2 Y

1
2i T

Cf.
Myres =—

23
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Low-modes have significant violation of
Ginsparg Wilson relation

|GW-violation

0.6

0.4

0.2

g; vs E-val DW-sHtTanh-16x8x24-b4.10-M1.00-m0.001

g
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5.(Reweighted)
Overlap Dirac spectrum

25



Akio Tomiya(Osaka Univ.)

Reweighting to OV

det D2, (mua) det Dy (1/2a)
<O>OV = (O 2
det DDW (mud) det ng(l/QOJ) DW

N
(P(ADW ))DW

We can measure OV quantity < ()\ )>
by using DW configuration P\Aov )/ DW

partially guenched OV

<,0()\OV)>OV reweighted overlap

Let’s compare them!
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T=200MeV, mug=32MeV
| 32 L16

DW-sHtTanh-32x8x12-b4.10-M1.00-m,40.01 DW-sHtTanh-16x8x12-b4.10-M1.00-m,40.01
o 00015 | 0.0015 =1 |
DW % 0.001 | . . . . . . 0.001 | . . . . . .
< 0.0005 |- 0.0005 |-
0 0
0 0.05 0 0.05
IAMal - mq4a IA"al - m 4a
Partiall L32HovTanhthre0.24m0.01 HovTanhthre0.35-Beta4.10-m0.01
Y o005 0.0015
Quenched w 0.001 0.001
< 0.0005
oV g 0.0005
0 0
0 i 0.05 0 0.05
IM"al - m4a A\™al - m,4a
HovTanhthre0.35-Beta4.10-m0.01
o 00015 |
] CU . . . . . .
L . S 0.001
Rewelghted Reweighting not available 9
< 0.0005
oV i
0 0.05
IA"al - m 4a

Domain-wall and overlap: visible difference.
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T=200MeV, mud=3.2MeV

Consistent with

DW-sHtTanh-32x8x24-b4.10-M1.00-m, 40.001

32
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L16

DW-sHtTanh-16x8x24-b4.10-M1.00-m 40.001

LLNL/RBC 23130.0015 ! 00015 F T T T
DW <  0.001 0.001 |
< 0.0005 0.0005 |
O_ ,
0 O I -
0 0.05 0 0.05
IA"al - m,4a IA"al - m 4a
L32HovTanhthre0.24m0.001 HovTanhthre0.35-Beta4.10-m0.001
Partially 0.0015 0.0015 F— T
(U f .
S 0.001 | | | 0.001 |
nch T s s s s
Quenched < 0.0005 0.0005 I
oV 0 — 0 *
0 \ 0.05 0 0.05
Mal - m,4a Isolated chiral ~~ Mal - m,qa
zero-modes HovTanhthre0.35-Beta4.10-m0.001
. 00015 F
- © .
. . . - 0001 B : :
Rewelghted Reweighting not available 9 ; ;
< 0.0005 - g g
oV 0 L
0 0.05
IA"al - m 4a

Consistent with
8 JLQCD 2013



T=200MeV, mud=3.2MeV

Observation

Strong violation of Ginsparg-

Wilson relation in the low lying
mode

the histograms(DW vs OV)
look different

Overlap Dirac operator has

Isolated chiral zero-modes + gap.
(DW vs pgOV)

Exactly chiral zero-modes should
disappear in the large volume limit

The gap looks stable as Volume
INncreases.

(Partially qguenched OV

=16 vs L32)

This gap may suggest U(1)a
symmetry restoration

. We need to confirm this in L=32 overlap
(or DW with better chirality) simulations.
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0.Summary
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Summary

We have studied eigenvalue distribution
of DW and (reweighted)overlap Dirac operators above Tc

1. Mobius Domain-wall spectrum
=> U(1)a is broken. consistent with LLNL/RBC(2013)

2. We found significant violation of chiral symmetry of
low-lying modes even when myes is small.

3. OV/DW reweighting shows gap for lighter mass
=> U(1)a restoration? consistent with JLQCD(2013)

4. More study of finite volume effect is necessary.
(OV/DW reweighting works only for smaller lattice)

31
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Backup

33



T=200MeV, mud=16MeV

DW

Partially
Quenched
ov

Reweighted

oV

2N

(beta=4.10 m=0.005)

L32

DW-sHtTanh-32x8x24-b4.10-M1.00-m,40.005

- 0.0015 F ! !
(U .
§ 0.001
= 0.0005
0
0 0.05
IAMal - m_4a
L32HovTanhthre0.24m0.005
0.0015
s
§ 0.001
= 0.0005
0

m
I "al - m 4a

0.05

Reweighting not available

p()»a)a3

0.0015
0.001
0.0005
0

0.0015
0.001
0.0005
0
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L16

DW-sHtTanh-16x8x12-b4.10-M1.00-m,40.01

0 0.05
IAMal - m4a

DW-sHtTanh-16x8x12-b4.10-M1.00-m,40.01

0 0.05
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Reweighting to OV
with UV suppressing determinant

RUVS _ ( det ’75DOV(mud) )2 (det ’V5DDW(M)>2
det Y5 DDW (mud) det Y5 DOV (M>

DW/OV rewighting is UV surpassing determinant.
unphysical mode suppressed by
heavy unphysical modes M~O(1/a).
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ma=0.01
m~30MeV

m=0.005

ma=0.001
m~3MeV
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rho( lambda)*a™3

0,0016
0,0014
0,0012

0,001
0,0008
0,0006
0,0004
0,0002

fit to cubic function

T 4 Re'éults/ sub_udm!ass/ r*es_L32b4!101$24_m0.001' Jxtt ——

fx)

: : [~ :
| z 1 |
"—I—~—]—;_]_' 1l
- - - - J |
0 0,05
1*a
variance of residuals (reduced chisquare) = WSSR/ndf : 1.33016

Final set of parameters Asymptotic Standard Error

a = 0.000132414
C = 0.7/6224

+/- 6.752e-05
+/- 1.104

(50.99%)
(16.32%)
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Large violation of GW-rel
Mres(Next to lowest) history

History of m, . from g;: plot CP-smeared-SymDW-sHtTanh-16x8x24-b4.10-M1.00-mud0.001
O-05""I'"'I""I""I""I""I""I

L IS L LIRS I
Qi n(fi;Cut off=2) 7
MrengjiCut off=2) —— 7 4
Myg
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Date:2014/06/04 12:12:19
History of m,.q from g;

0

History

. plot CP-smeared-SymDW-sHtTanh-16x8x24-b4.10-M1.00-mud0.001
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Date:2014/06/04 12:10:28

History of m, ¢ from g;: plot CP-smeared-SymDW-sHtTanh-16x8x12-b4.10-M1.00-mud0.01
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Date:2014/06/04 12:14:59
History of m,.¢ from g;;:
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0.1 = E
0.01 = =
0.001 = E
E‘* 0.0001 E— _§
1e-05 =" =
- o—6) L =6 .
le-06 g 3 L=8 =
; AaL=12]°
B v/ L =16| 7
1e-07 =" =
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"0 1 2 3 4 5 6

b

Figure 9: Residual mass with the scaled-Shamir kernel and tanh approximation.
The results with L, = 6, 8, 12, 16 are plotted as a function of the scale parameter

b. c=1 bDW
2+ cDw 7

Hyr = 5
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